Phylogeny of the Ants: Diversification in the Age of Angiosperms Corrie S. Moreau, 1 * Charles D. Bell, 2 Roger Vila, 1 S. Bruce Archibald, 1 Naomi E. Pierce 1 We present a large-scale molecular phylogeny of the ants (Hymenoptera: Formicidae), based on 4.5 kilobases of sequence data from six gene regions extracted from 139 of the 288 described extant genera, representing 19 of the 20 subfamilies. All but two subfamilies are recovered as monophyletic. Divergence time estimates calibrated by minimum age constraints from 43 fossils indicate that most of the subfamilies representing extant ants arose much earlier than previously proposed but only began to diversify during the Late Cretaceous to Early Eocene. This period also witnessed the rise of angiosperms and most herbivorous insects.
A nts are a ubiquitous and dominant feature of the terrestrial landscape, playing key roles in symbiotic interactions, soil aeration, and nutrient cycling. They have a rich fossil record (1) , yet the evolutionary history of the È11,800 described modern species remains poorly resolved.
Bolton_s (1) recent revision of ants (Hymenoptera: Formicidae) recognized 288 genera in 21 Esubsequently reduced to 20 (2, 3)^subfamilies. Several phylogenies have been proposed based primarily on morphological characters, but these reflect disagreement about the positions of major lineages (fig. S2) (4-7). Recent molecular analyses have included only a moderate number of taxa and recovered only weak support for most clades (8, 9) , although more comprehensive studies are under way (10) .
To evaluate competing phylogenetic hypotheses, we analyzed 4.5 kb of sequence data ( Fig. 1 ) from portions of five nuclear genes and one mitochondrial gene from 139 ant genera and six Aculeatea Hymenoptera outgroups (n 0 149 specimens) representing 19 of the 20 currently recognized extant subfamilies. The only ant subfamily not included was Aenictogitoninae, a rare group known only from males collected at lights in equatorial Africa. The monophyly of the Formicidae itself was strongly supported in all analyses (Table 1) .
Analyses with several methods (11) resulted in a well-resolved phylogeny that divided the family into three groups: the leptanilloid clade, a basal lineage containing 1 subfamily (Leptanillinae) and sister to all other ants; the poneroid clade, containing 5 subfamilies (Agroecomyrmecinae, Amblyoponinae, Paraponerinae, Ponerinae, and Proceratiinae); and the formicoid clade, containing the remaining 13 subfamilies sampled in this study. All three clades were supported by 100% Bayesian posterior probability (bpp) support, but only the formicoid and leptanilloid clades were well supported in the maximum likelihood analyses EQ94% maximum likelihood bootstrap (ml bs)^.
Of the 19 subfamilies investigated here, 14 were recovered as monophyletic with strong support, and none of the three monotypic taxa, each represented by a single extant species (Agroecomyrmecinae, Aneuretinae, and Paraponerinae), nested within another lineage, validating their status as separate subfamilies. However, the three sampled genera of Cerapachyinae were paraphyletic in all analyses. The eight genera of Amblyoponinae grouped together in a clade that lacked support, although the monophyly of Amblyoponinae genera was well supported in an earlier molecular study (2) .
The monophyly of the Leptanillinae was strongly supported (100% bpp and ml bs), and its basal position was recovered in all analyses. Ward (6) noted that a basal position of Leptanilla within the poneroid group implies that tergosternal fusion of abdominal segments III and IV in the worker caste occurred early in ant evolution and was lost secondarily in many lines. Our results indicate that these characters are indeed labile and homoplasious. Although the basal position of Leptanillinae was suggested in other molecular studies (2, 10) , previous phylogenetic hypotheses based on morphology had failed to place it in a basal position among extant ants.
Bolton (1) proposed a Bponeromorph[ clade, including Amblyoponinae, Ectatomminae, Het-eroponerinae, Paraponerinae, Ponerinae, and Proceratiinae; our results exclude Ectatomminae and Heteroponerinae but add Agroecomyrmecinae. The latter is represented by a single extant species, Tatuidris tatusia, and two fossil genera, and its placement within the poneroid clade is entirely novel. Both Ectatomminae and Heteroponerinae nested within the formicoid clade. Although the poneroid clade received less support in the maximum likelihood and maximum parsimony analyses (Table 1) , it was strongly supported in the Bayesian analysis (100% bpp). It seems likely that the five included subfamilies form a monophyletic group or, alternatively, a basal polytomy, but in either case they remain outside both the leptanilloid and the formicoid clades.
The inclusion of Heteroponerinae within the formicoid clade is also unexpected. As suggested by their name, heteroponerines have historically been placed in the poneromorph clade. Moreover, Ectatomminae, until recently also considered poneromorphs, appear to be closely related to Heteroponerinae. These findings, combined with the lack of stability for the Bponeromorphs[ observed in morphological analyses (4-7), underscore the extent to which our understanding of ancestral ant morphology and behavior must be revised.
The phylogenetic position of Aneuretus, today restricted to Sri Lanka, has been hypothesized to be basal either to the Dolichoderinae or to the Dolichoderinae þ Formicinae (12, 13) . We recover Aneuretus as basal to the Dolichoderinae, with both groups separated from Formicinae, implying that the sting has been reduced independently at least twice in the ants (Dolichoderinae and Formicinae).
The ant fossil record is extensive, with more than 60 extant and 100 extinct genera. The oldest reliably dated fossils are È100 million years (My) old, from Early Cretaceous French and Burmese ambers (14, 15) . These include both Gerontoformica and Burmomyrma (Aneuretinae), with features typical of modern Bcrown group[ ants, as well as Sphecomyrminae, with features typical of basal Bstem group[ ants. Although no older sphecomyrmines are known, the presence of stem and crown group ants in these roughly coeval ambers implies an earlier history of Formicidae. The status of the Armaniinae/-idae as stem group ants is controversial (1, 3, 15) , but if they are viewed as sister to Formicidae, this also implies an extension of the minimum age of ants to the maximum age of Armaniinae/-idae, which has been estimated to be È125 My (16) . Because the stratigraphic positions of some fossils in our analyses are not resolved within their dated formations, we conducted all analyses with both maximum and minimum ages for those fossils ( Table 1 ). Our divergence time estimates (11) suggest that crown group ants last shared a common ancestor during the Early Cretaceous to Middle Jurassic: 140 T 8.0 million years ago (Ma) (using minimum ages) to 168 T 7.6 Ma (using maximum ages) (Fig. 1A) . This is considerably older than the È125-My age estimate based on fossil data. Our findings partially overlap with those of Crozier et al. (17) , who used about six taxa and mitochondrial sequence data to estimate the age of Formicidae at 185 T 36 My.
Brady (18) and Ward and Brady (19) used molecular clock evidence to arrive at an age estimate of 130 to 140 My for crown group ants. Their studies were primarily aimed at dating specific lineages and sampled a limited number of fossils to provide minimum age calibration points. Our dates for the origin of the army ant clade (È110 Ma) are similar to those in Brady_s study, but the inclusion of wider sampling and additional fossils leads us to an older estimate for the origin of extant ants.
From our analyses (11), we find that much of the diversification of the major ant lineages (Fig.   1A ) occurred from the beginning of the Early Paleocene to the Late Cretaceous, 60 to 100 Ma, with ancestors of the major subfamilies present as early as 75 to 125 Ma. The fossil record, however, indicates that ants were relatively rare in the Cretaceous, with their march toward ecological dominance only beginning in the Eocene; they are represented by more than 90 species in È45 genera in Baltic amber, including many extant genera (15, 20) . Our data suggest that most of the subfamilies representing extant ants arose much earlier than previously proposed but only began to diversify during the Late Cretaceous to Early Eocene. If ancestors of the major subfamilies were present as early as 75 to 125 Ma, why were they so slow to diversify?
We infer that the rise in angiospermdominated forests was harbinger to the diversification of the ants. The window encompassing angiosperm dominance shifts on our chronogram depending on whether we accept the minimum or maximum ages for the ant fossil calibration points (Fig. 1A, shaded green areas) . A lineage-throughtime (LTT) plot shows a dramatic accumulation of ant lineages at È100 Ma, either toward the end or immediately following the radiation of the angiosperms (Fig. 1B) . These analyses indicate that ant diversification closely tracks the rise of angiosperm-dominated forests, between the Early Paleocene and the Late Cretaceous, 60 to 100 Ma (21) (22) (23) (24) . The proliferation of angiosperms is thought to have driven the diversification of major herbivorous groups such as beetles (25, 26) and hemipterans (16) , and it would appear that ant diversification, too, closely tracks the rise of angiosperm-dominated forests.
At least two explanations could account for these correlated patterns of diversification, although other, as yet unidentified causative factors may have been involved. First, the litter of angiosperm forests is more diverse, providing a wider array of habitats. Modern ant diversity is highest in the soil and ground litter of the world_s angiosperm forests, particularly in the tropics (27) . Second, the expansion of herbivorous insects provided both a direct food resource for hunting ants and an indirect one in the form of honeydew and larval secretions that Bagricultural[ ants could harvest. A substantial proportion of arboreal ants in modern Amazonian forests have been found to feed on secretions from Hemiptera and extrafloral nectarines (28, 29) . In their dynastic-succession hypothesis of ant evolution, Wilson and HPlldobler (27) similarly stressed the importance of complex habitats provided by angiosperms and the transition from predation to harvesting secretions (16) . Presumably this shift in diet also contributed to the evolution of associated social behaviors necessary to exploit and defend these food resources.
A robust hypothesis for the phylogeny of ants permits evolutionary investigation of life history, ecology, and biogeography in generating observed patterns of distribution and diversification of one of the most dominant animal groups. Our phylogenetic and molecular clock analyses of DNA from ants indicate that ants began to diversify much earlier than previously hypothesized and that the rise of the angiosperms may have directly influenced the diversification of this group. Since the mid-Mesozoic, ants have become the insect world_s major predators, scavengers, and mutualists. Despite their dominance, we are only beginning to appreciate factors shaping the evolution of this group, highlighting the need for conservation of habitats harboring ant biodiversity, as well as further research on those lineages with poorly understood life histories. 
